Abstract Recent studies to assess very long-term seismic hazard in the USA and in Europe have highlighted the importance of the upper tail of the ground-motion distribution at the very low annual frequencies of exceedance required by these projects. In particular, the use of an unbounded lognormal distribution to represent the aleatory variability of ground motions leads to very high and potentially unphysical estimates of the expected level of shaking. Current practice in seismic hazard analysis consists of truncating the ground-motion distribution at a fixed number (ε max ) of standard deviations (σ). However, there is a general lack of consensus regarding the truncation level to adopt. This paper investigates whether a physical basis for choosing ε max can be found, by examining records with large positive residuals from the dataset used to derive one of the ground-motion models of the Next Generation Attenuation (NGA) project. In particular, interpretations of the selected records in terms of causative physical mechanisms are reviewed. This leads to the conclusion that even in well-documented cases, it is not possible to establish a robust correlation between specific physical mechanisms and large values of the residuals, and thus obtain direct physical constraints on ε max . Alternative approaches based on absolute levels of ground motion and numerical simulations are discussed. However, the choice of ε max is likely to remain a matter of judgment for the foreseeable future, in view of the large epistemic uncertainties associated with these alternatives. Additional issues arise from the coupling between ε max and σ, which causes the truncation level in terms of absolute ground motion to be dependent on the predictive equation used. Furthermore, the absolute truncation level implied by ε max will also be affected if σ is reduced significantly. These factors contribute to rendering a truncation scheme based on a single ε max value impractical.
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USA (Stepp et al. 2001 ) and the PEGASOS project in Switzerland (Abrahamson et al. 2002) , have highlighted the importance of the upper tail of the ground-motion distribution at the very low annual frequencies of exceedance (AFE) required by these projects. In particular, the use of an unbounded normal model to represent the distribution of the logarithmic ground-motion residuals to capture the aleatory variability (σ) of ground motions leads to very high and potentially unphysical estimates of the expected level of shaking (Bommer et al. 2004) .
As a result, it has become common practice to truncate the distribution of logarithmic groundmotion residuals at a fixed number (ε max ) of standard deviations (σ). The purpose of this paper is to explore the issue of how the choice of this truncation level may be justified, with a particular emphasis on the insights offered by empirical data. This is done firstly by clarifying what information current strong-motion datasets can provide regarding the validity of the lognormal assumption, and secondly by exploring the nature of ground-motion records associated with large positive residual values, hereafter referred to as high-ε records. The purpose of this exercise is to examine whether valid reasons can be found to dismiss high-ε records as being unrepresentative of the ground motions that are being estimated in the context of a site-specific seismic hazard assessment. The discussion will focus primarily on the following two questions: Are the groundmotion amplitudes of high-ε records large enough to matter from a hazard assessment perspective? And are there any physical mechanisms (potentially not applicable to the site for which the hazard is assessed) that could explain the large positive values of the residuals?
2 Ground-motion residuals and variability For strong-motion datasets used to derive empirical ground-motion prediction equations (GMPE), the residual δ can be defined for any point in the dataset as the difference between the observed and the predicted value of the ground motion:
The normalised residual ε i is equal to the residual divided by the standard deviation of the aleatory variability (σ) of the predictive equation:
Thus, the (normalised) residual is a measure of how well the predictive model fits any individual data point, as it counts the number of standard deviations that need to be added to or subtracted from the mean prediction of log(Y) to reach the observed value. It has become common practice to separate the total variability σ T into variability components, namely the inter-event variability σ E and the intra-event variability σ A . These three quantities are related through the following expression:
The inter-event variability σ E (also called event-toevent variability and noted τ by some authors) can be interpreted as the variability in ground motion that is caused by differences between events that are not accounted for by the explanatory variables characterising the source, such as magnitude and style-offaulting. The intra-event variability σ A (also called record-to-record variability and noted σ r by some authors) can be interpreted as the random variability in ground motion amongst receivers in the same site class and located at the same distance from the source, for a single event.
In the remainder of this paper, the following conventions are used to refer to the residuals corresponding to the different variance components: raw residuals, as defined in Eq. 1, are designated by the symbol δ, whereas residuals normalised by the appropriate variability component, as defined in Eq. 2, are designated by the symbol ε. When necessary, the type of residual is identified by the subscript T, A or E for total, intra-event and inter-event residuals, respectively. Note that whereas δ T is equal to the sum of δ E and δ A , ε T is equal to a weighted sum of ε E and ε A , with the weights depending on the ratio of σ E and σ A , as a consequence of Eq. 3.
In the framework of probabilistic seismic hazard analysis (PSHA), when the AFE of a given level of ground motion Y 0 is calculated through integration over all possible earthquake scenarios in terms of magnitude and distance, the variability of the ground motion must
